Tribological aspects strongly influence the deep drawing behaviour of sheet metal, being responsible for both the punch force and the material draw-in from the flange. Recent developments in lubrication technology have shown that dry film lubricants can be a good alternative to conventional fluid lubricants in case of aluminium sheets. Their main advantages are the homogeneous distribution on the blank surface, the good adhesion to the surface and the possibility of applying it already in the rolling mill. In order to introduce this technology in series production also for steel sheets more knowledge concerning the influence of the lubricant amount on the drawing forces is needed. A further important aspect to be considered is the surface quality of the steel grades and its interactions with the dry lubricant. In this paper four steel grades with different mechanical and/or surface properties are considered. After a microscopical and topographical investigation of the surface the materials were tested in a cup drawing test after applying two different amounts of the dry film lubricant Drylube E1. Further process parameters which were varied are the blank holder force F N and the drawing ration β. In this way, information about the influence of the lubricant amount on both the drawing force and on the maximum blank holder force F Z could be obtained for three different values of β. The experimental results have shown how a strong decrease of the lubricant amount (from 1.0 down to 0.5 g/m 2 ) causes, at a given drawing ratio, only a small increase in the maximum drawing force as well as a small increase in the maximum blank holder force.
Introduction
Lubrication is the very essential basis for the forming process of sheet metal. Sheet metal needs to be lubricated to be formed into complex and high sophisticated shapes. The lubricants commonly used in sheet metal forming can be divided into liquid lubricants and so called dry film lubricants [1] . Referring to the production process at BMW liquid lubricants are commonly applied in the press shop in front of the press line, whereas dry film lubricants are usually applied at the rolling mill. Fig. 1 -a shows the differences of the two processes. The lubricant amount applied in the pressline is usually within 1.5 and 3.0 g/m 2 , whereas at the rolling mill this amount can be reduced down to about 1.0 g/m 2 . Another noticeable difference of the two processes is the amount of lubricant that is compatible with the following assembling process. BMW limit for liquid lubricants on aluminium panels is about 0.8 g/m 2 [2] . On steel sheets the limit for compatible amounts for assembling is usually 3.0 g/m 2 and only in few special cases it goes down to 1.5 g/m 2 . In case of higher amounts the blanks have to be washed after the deep drawing operation. Using dry film lubricants the washing of panels is more dependent on the type of lubricants than on its amount, because of the reduced quantity which is applied. A lubricant amount of about 1.0 g/m 2 was seen to be compatible to most of the further processes, in particular if the type of lubricant is compatible to adhesives. It follows that by using dry film lubricants the washing of the panels can in many cases be avoided [3] . Another reason for using dry film lubricants on high strength sheet metal is the better deep drawability, through a reduction of the friction forces, combined with a very homogeneous distribution of the lubricant on the blank surface [4] . This makes dry film lubricant interesting, not only for avoiding the washing operation, but also for the production of critical-shaped steel and aluminium parts, such as very deep panels ( Fig. 1-b ) and complex shaped skin parts. For these different reasons dry film lubricants and hotmelts are becoming state of the art in sheet metal forming [5] . Using dry film lubricants helps to reduce the lubrication amount from 3.0 g/m 2 down to about 1.0 g/m 2 . This does not only decrease costs, but also effects the further process chain. Lower lubrication amounts improve in fact the process stability of assembly lines and reduce decontamination of cleaning baths at the paint shop.
Lubrication
Drylube E1 is a water-free lubricant applied at the rolling mill. This so-called 'hotmelt' does not run off the panels' surface and offers a good corrosion protection to all kinds of steel qualities. Besides its better performance in drawing operations compared to mineral oils, the most important advantage of these water-free coil lubricants is its compliance with almost all commonly used adhesives. Hotmelts also offer the opportunity to shorten the process chain due to the fact that additional spot-lubrication should not be necessary anymore. For these investigations two different amounts of Drylube E1, 0.5 and 1.0 g/m 2 , were applied to the blanks in order to identify the influence of this parameter on the deep drawing behaviour of the steels.
Material Characterisation
The materials made available for this study were a steel with two different coatings: galvanised and electro-galvanised, and two high strength steels (H400 and H300), also with different surface properties (see Table 1 ). 
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Microscopy. The surface of the four grades was investigated at different magnifications using a scanning electron microscope (SEM). Fig. 2 -a and b show two micrographs of the galvanised steel, where it is possible to recognise the surface structuring. The diameter of the lubricant pockets is about 50 µm. The electro-galvanised steel on the contrary, does not present a structuring of the surface ( Fig. 3-a ), but it shows at high magnifications a fine lamellar microstructure ( Fig. 3-b ). In both cases the thickness of the coatings was also measured and it was seen to be between 15 and 20 µm. The high strength steel H400 ( Fig. 4 -a and b) shows a relative coarse structure with no signs of rolling or surface treatments. In Fig. 5 -a und b it is finally possible to observe the effects of grounding on the surface microstructure of the high strength steel H300. The grain structures cannot be recognised anymore and the grounding direction is very easy to identify. Surface Analysis. In order to characterise the surface of the grades, both 3D and 2D parameters were analysed, using the confocal microscope µSurf (Nanofocus) and a Perthometer PGK (Mahr) respectively. Important parameters for the description of the surface topography are the closed void volume V cl and the maximum closed void area α clm , which describe the behaviour of static and dynamic lubricant pockets [6] . Fig. 6 presents a comparison of the V cl and α clm values between the four materials. The high strength H400 shows the highest values for both V cl and α clm . Considering the two steels (material a and b), it seems that the coating plays an important role in increasing the closed void volume. The presence of the texture on the galvanised steel, in fact, makes more void volume available without a significant increasing in the maximum closed void area. This usually implies, in case of conventional lubricant, a friction reduction due to a better storing of the lubricant [7] . H300 has the lowest V cl and α clm , because of its grounded surface. This data will be important in order to obtain information about which kind of surface treatment is more suitable in the deep drawing process when using Drylube E1. As 2D surface parameters the average roughness R a and the maximum peak height R p were considered for the description of the materials and are shown in Fig. 7 for two directions (0 and 90° from the rolling direction). In general the average roughness is in both direction between 0.9 and 1.2 µm for all materials except for the H300 at 0°, where the very low value is due to the grounding. The very high standard deviation registered for the galvanised steel at 0° is also due to the surface treatment and in particular to the presence of the lubricant pockets. For the other two materials the measure direction does not seem to have a significant influence. The maximum peak height values are in general between 1.6 and 2.0 µm (except for H300 at 0°) and are in good accordance with the R a values. 
Experimental Set-up and Method
The cup drawing tests were carried out using a 1000 kN hydraulic press (Lasco) with a controllable blank holder force between 10 and 250 kN. The drawing velocity was maintained constant at 0.018 m/s during the whole set of experiments. Moreover it is possible to measure the drawing force F Z and the blank holder force F N during the process, by means of a load cell in the punch and three others under the blank holder. A software developed at LFT gives as output for each test the total blank holder force F N and the maximum drawing force F Zmax . For the high strength H400 a 50 mm diameter punch and a 52.6 mm die, both with 6.3 mm radius were used. Because of the higher sheet thickness for the other three grades the die diameter and the radii were increased to 53.8 and 10 mm respectively.
It was decided to investigate the grades at three different drawing ratios β. In order to estimate the limit drawing ratio β 0 of the material, and therefore to carry out the experiments in the vicinity of this value, some preliminary tests were performed. As suggested by the Schmidt-Kapfenberg method [8] , two drawing ratios, which should be not critical for these materials, were chosen: 1.9 and 2.0. The blanks with the correspondent diameter were then drawn at the minimum blank holder force (F N = 10 kN) and the maximum drawing force was measured. Because of the linear relation between F Zmax and β it is possible to extrapolate a line through these two values, which represent the maximum drawing force at the minimum blank holder force. F Zmax increases for increasing drawing ratio ( Fig. 8 and Fig. 9 ). In other tests with a F N high enough to produce a tear-out of the sheet bottom, the maximum possible drawing force F R was determined. Being F R a property of the material itself, it does not depend on β and can be thus used to trace a further curve in the F Zmax -β diagram. The value of β which corresponds to the conjunction of these two lines will be the limit drawing ratio of the considered material. Fig. 8 shows how the graphical estimation of β 0 for the two steels is about 2.2. For this reason the three values of β chosen for the tests were 1.9, 2.0 and 2.1. The higher tear out force of the galvanised steel (about 10%) is probably due to the higher sheet thickness. Fig. 9 shows the graphical estimation of β 0 for the high strength steels. Being in both cases β 0 smaller than 2.1, three lower drawing ratios values were chosen: 1.8, 1.9 and 2.0. In these preliminary tests blanks with the higher lubricant amount (1.0 g/m 2 ) were used, in order to have the most conservative conditions. After these preliminary tests, systematic investigations for the determination of the maximum blank holder force at different β were performed. The blanks were then obtained by cutting with a CO 2 -laser cutting. The influence of the lubricant quantity on the deep drawing behaviour of the materials was first analysed by comparing for each β the maximum F N at which crack free cups could be drawn. Afterwards also a comparison of the maximum drawing force at the same value of blank holder force was carried out. Fig. 10 shows the results of the cup drawing tests for the four investigated materials: on the left the comparison of the maximum blank holder forces F Nmax ; on the right the comparison of the maximum drawing forces, in both cases considering the two lubricant amounts. F Nmax is the highest value of the blank holder force at which it was possible to successfully draw at least five cups. In general this value is higher for the blanks with the higher amount of lubricant (1.0 g/m 2 ), whereas the difference seems to be more relevant for the high strength steels (Fig. 10-c and d ) than for the two other steels (Fig. 10-a and b ). For both steels in fact the decrease of the possible blank holder force due to the lower lubricant quantity is about 15 %. In the case of high strength steel we can observe on the contrary a different behaviour between the two grades: the decrease of F Nmax is for H400 much higher (46 %) than for H300 (18 %). This phenomenon can be explained referring to the surface topography of the materials. H400, which presents very high closed void volume, is probably able to store more lubricant in the closed pockets and suffers therefore a decrease in the lubricant amount more than H300 does. For the galvanised steels there is not such an influence of the surface parameters which can be correlated to this reduction of lubricant amount. It can be assumed that the difference in the closed void volume is too small to produce significant changes in the friction behaviour of the material surfaces. Anyway it is not only the surface quality that can produce these differences in the decrease of the F Nmax , but also the fraction that the blank holder force (and thus the friction forces) itself has in the total drawing force. This fraction increases with a decrease of the blank thickness, because the total force decreases but the friction conditions remain the same. This can be a further reason why the H400, which has the lowest blank thickness, is more sensitive to a decreasing of the lubricant amount. The comparison between the maximum drawing 0 forces in Fig. 10-a and b show that the increasing of the F Z due to the reduction of the lubricant amount for the galvanized steels is very low (3-4 %) and that it increases with increasing blank holder force and decreasing drawing ratio. In general the same considerations can be done also for the high strength steels, with the exception of β = 1.8, where the difference reaches much higher values. Low values of β means in general not complex parts in which an increase of the friction forces should anyway not compromise the feasibility, also in series applications. Much more important is the very low increase of the drawing force for high β, which is a good point for the reduction of the lubricant amount from 1.0 down to 0.5 g/m 2 . Fig. 10 . Results of the cup drawing tests for all the considered materials Advanced Materials Research Vols. 6-8 571
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Summary
Using dry film lubricants and hotmelts can be an effective issue to reduce lubrication to least necessary amounts within series production. In this work the effects of the reduction of the lubricant amount of Drylube E1 on different steel sheets were investigated in a cup drawing test. Moreover, for a better interpretation of the forming results, topographic analyses of the surface texture of the grades were carried out. A reduction of lubricant amount from 1.0 down to 0.5 g/m² causes only a slightly reduction of the process window or a small increase in the drawing force. This means that is could be possible to use this small amount of lubricant also in series production. However this effect seems to depend on the surface texture and its parameters, which should be therefore taken into account together with the complexity of the part. All in all, in order to evaluate the drawability of sheet metal and its dependence on the lubricant amount, it seems to be necessary to consider not only lubrication and surface texture but also their mutual interaction.
